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The motion of atoms in a dark magneto-optical lattice is 
considered. This lattice is formed by a non-uniformly polar- 
ized laser field in the presence of a static magnetic field. Cold 
atoms are localized in the vicinity of points where dark states 
are not destroyed by a magnetic field. As a result the optical 
interaction tends to zero (dark or gray lattices). Depending 
on the field configuration such a lattice can exhibit one or 
two-dimensional periodicity. It is shown that in ID and 2D 
dark magneto-optical lattices the effects connected with the 
Bose-statistics of particles can be observed under the temper- 
ature 10"'^ - IQ~^K and densities lO" - lO^^cm"^, those are 
usual for current experiments on laser cooling. 



are achived P,kJ. Another way is connected with the 
use of coherent population trapping (CPT) phenomena 
in near-resonance light fields. As is known pj, mider the 
resonance interaction of a polarized radiation with atoms, 



I. INTRODUCTION 

After the outstanding experiments on Bose-Einstein 
condensation (BEC) of an atomic gas in a magnetic trap 
pml studies of phenomenon originated from quantum 
statistics of particles became one of the main subjects 
in contemporary atomic physics. Achieving of BEC by 
optical means is of especial interest [Q-01. On the one 
hand this allows deeper understanding of the nature and 
physical properties of condensates under various condi- 
tions. On the other hand, the works in this direction may 
lead to new effective methods of super-deep cooling. It 
is worth noting, that in the refs. ||l|-§| laser fields play 
an auxiliary role and they are used for precooling down 
to sufficiently low temperatures with successive evapo- 
rating cooling in a magnetic trap, when in the final stage 
of experiments optical fields are absent and the main 
part of atoms escape from a trap under evaporative cool- 
ing. One of the main components of the optical meth- 
ods y,|6| is the formation of a non-dissipative optical or 
magneto-optical potential, when atoms scatter photons 
with very low rates. There exist two principal ways to 
solving this problem. The first one consists in the use 
of far-off-resonance light fields with the high intensity 
P,||J|]. In this case the potential depth of order of 10'^ Sr 
[Er — {hk)^ /2M is the single-photon recoil energy) and 
the rate of spontaneous photon scattering about 1 s~^ 



^ Fe ^ F with F an 
{g and e denote the 



having optical transitions Fg = F - 
integer and Fg = F ^ Fg = F ~ 1 
ground and excited states respectively), there exist dark 
states. These states are coherent superposition of the 
ground-level Zeeman substates, which is fully decoupled 
with light (d-E)|-0„c) = 0. Due to optical pumping atoms 
are trapped in these states and do not scatter light. The 
use of fields with a polarization gradient allows to create 
a potential in dark states (dark potential) . Although for 
dark states ac Stark shift vanishes, dark potentials can 
be created by the atomic translational motion (so-called 
gauge or geometric potentials) [^ |l2|, or by applying 
of a static (magnetic or electric) field. In the later case 
the atomic multipole moments are spatially non-uniform, 
that leads to the coordinate dependence of the interaction 
energy with a static field. As a result, a periodic poten- 
tial is formed. From the other hand, static fields induce 
precession of multipole moments and destroy dark states. 
However, this effect can be suppressed to negligible val- 
ues due up to two factors: 

1. We can choose a specific geometry of fields |13] 
where atoms are localized near the points, where 
dark states are not destroyed by a static field. 

2. The use of high- intensity laser field allows to lack 
atoms in dark states. In the result, as is shown 
in ref. |l4|, the rate of spontaneous scattering is 
inverse proportional to the light intensity. 

A quantitative treatment of dark magneto-optical lattices 
in the non-dissipative regime at high-intensity laser field 
had been developed in ref. Mm in the one-dimensional 
case. It had been shown that the potential depth is de- 
termined by the ground-state Zeeman splitting hQ, while 
the pcriodof lattice is of order of the light wavelength A. 
Thus, we can obtain a very deep potential with a large 
spatial gradient. Both these reasons lead to the large 
energy separation between vibrational levels ~ ^/hUe^, 
which can exceed the laser cooling temperature. Un- 
der these conditions, atoms being in the lower vibra- 
tional levels_can be localized within a very small distance 
^ \^Jer/Ml. We stress that tunneling between wells is 



exponentially small (by factor exp(— lyMT/e^)), that al- 
lows to consider atoms in each of wells as independent 
systems. 

In the present paper, with Fg — 1 —* Fe = 1 transition 
as an example, one- and two-dimensional non-dissipative 
magneto-optical lattices are considered with especial at- 
tention to the formation of atomic structures with lower 
dimensions {2D - planes, 11? - lines). In such a lattice 
the spontaneous scattering of photons is strongly reduced 
and the main dissipative mechanism is elastic interatomic 
collisions. In the framework of an ideal Bose-gas model 
it is shown that under applying of an additional weak 
confining potential, the condensation is possible at the 
temperatures and densities typical for the current exper- 
iments on laser cooling. 

It is worth noting, in the low-saturation limit, that cor- 
responds to the dissipative regime, dark magneto-optical 
lattices had been theoretically [|5| and experimentally 
|l6| studied. Sub-Doppler cooling down to 20 e^ had been 
predicted and observed. Experimental evidence of the 
translational motion quantization had been presented. 



II. NON-DISSIPATIVE DARK 
MAGNETO-OPTICAL LATTICE 

Let us consider a gas of Bose-atoms with total angu- 
lar momenta Fg ~ 1 ^ Fe ^ 1 in a resonant spatially 
nonuniform monochromatic laser field 



E(r,i) = E(r) e-*"'* -K c.c. 



(1) 



in the presence of a static magnetic field B. As is known 
[6] , for all F ^ F {F is an integer) transitions there exist 
dark CPT-states uncoupled with a laser field (n]): 



(d • E(r)) |V'„,(r)) = , 



(2) 



where d is the dipole moment operator. In the case under 
consideration F — 1 this state has the form u7^: 



Hnc{r)) = 



1 



|E(r)| 



J2 E'^ir)\g,^,^q), 



(3) 



g=0,±l 



where E''{v) are the field components in the spherical ba- 
sis {eo = e^, e-ti = t{'^x ± *ey)/V2}. The state (||) is 
a superposition of the ground-state Zeeman wave func- 
tions |g, /i). We note that in the general case this state is 
neither eigenvector of the Hamiltonian of the interaction 
with the magnetic field Hb = — (/i • B) nor of the ki- 
netic energy Hamiltonian Hk = fP /2M. Thus, the state 
l^nc(r)) is not strictly stationary. However, the correc- 
tions to the wave function resulting from the translational 
motion and the magnetic field can be considered as small 
perturbations with respect to the atom-light interaction 
under the conditions: 



(4) 



y(r)VG > kv,n, 



where V{r) = \ < d > E(r)|/?i is the Rabi frequency, 
G = V'^{r)/[j'^/4: + d^ + V'^{r)] is the effective saturation 
parameter, 6 is the detuning, 7 is the inverse lifetime of 
the excited state and v is the average atomic velocity. 
In this case the main part of atoms is pumped into the 
dark state | ■)/)„£ (r)). Under the conditions (Q) the relative 
populations in the CPT-state n„c and in the excited state 
Ue obey the relation: 



(1 - Hnc) 



max{fcw, ri} 



V{r)VG 



<1. 



Then the evolution of a single atom can be described, 
with the same accuracy, by the effective Hamiltonian: 



r(l) 



K/f = {^Pncir)\iHK + HsMncir)) 



(5) 



Using the explicit form of the CPT-state (ph, we write 
the one-particle Hamiltonian (|5|) as a sum of four terms: 

^S/ = ^ + Uir) + ^ {(.Mr) •?) + (?• A(r))} + Wir) . 

(6) 

The first term is the kinetic Hamiltonian. The second 
one is the magneto-optical potential: 



u{r) = hn 



»(B.[E(r)xE*(r)]) 
|B| |E(r)P 



(7) 



which is independent of the amplitude and phase of light 
field. The last two corrections in Eq.(H) caused by the 
translational motion of atom. The first of these is of the 
order of kv and can be interpreted as the interaction with 
the effective vector-potential: 



A-iir) = -ih ( - — - • - — - — - 1 . 
^^ ' ME dxi E ' 



(8) 



The second correction is of the order of the recoil energy 
hujr and makes a contribution into the atomic potential 
energy: 



W{r) 



2M 



E 



d E 

a^JEJ 



(9) 



If the Zeeman splitting obeys the conditions 

n > kv,er/h , (10) 

then the last two terms in Eq.(o) are negligible, i.e. 

■-9. 

r(i) 



H. 



eff 



P 

2M 



C/(r). 



In this case the problem is reduced to the motion of a 
particle in the magneto-optical potential (0) only. The 
depth of this potential is determined by the ground-state 



Zeeman splitting U^ (below we suppose J7 > 0) and its 
period is of order of the light wavelength A. 

As is well known, in a periodic potential the energy 
spectra has the band structure. However, due to the 
condition (nO|) the tunneling is negligible for the lower 
bands, i.e. the strong binding of the particle in a sin- 
gle well is realized. It can be shown that the widths 
of the lower bands are exponentially small by the factor 

exp I — y/hil/er ) with respect to the energy separation 

between bands. The positions of these bands are deter- 
mined (with good accuracy) by a harmonic expansion of 
the potential in the vicinity of the well bottom: 



u{r) « hnk^ 



ij = l,2,3 



(11) 



As is seen, the separation between lower levels is of the 
order of -y/MIe7 at the eigenvalues of C of order of 1 . 

As it has been shown in ref. uM, atoms being in the 
lower vibrational levels scatter photons with extremely 
low rates: 



-1 I ^ 



< 7 



Here the factor {Vt/VY' ^ 1 is directly connected with 
CPT-effect, when in a strong light field the probability of 
leaving of a dark state is inverse propo rtional to the light 
intensity. The additional multiplier yje^jh^l <C 1 arises 
from the localization of atoms in the vicinity of points, 
where dark state are not destroyed by a magnetic field. 



III. IDEAL BOSE-GAS IN DARK 
MAGNETO-OPTICAL LATTICES 

As it has been indicated in the Introduction, the spon- 
taneous photon scattering in dark magneto-optical lat- 
tices can be strongly suppressed. Hence the main dis- 
sipative mechanism, leading to the thermal equilibrium, 
is the elastic interatomic collisions. This allows to apply 
the methods of statistical physics to study of a stationary 
state of atoms, which corresponds to the thermodynamic 
equilibrium. In the present paper we restrict our treat- 
ment by the ideal gas model when the contribution of 
atom-atom interactions into the system energy is negligi- 
ble. At the same time collisions are implicitly taken into 
account as a reason of the thermal equilibrium. 

BEC is one of the most interesting phenomenon arising 
in a Bose gas under sufficiently low temperatures. As 
it has been shown by recent studies, the character and 
parameters of the phase transition essentially depend on 
the system dimensions and on the presence of an external 
confining potential. So, it is well-known |l^, that in the 
case of a free gas BEC in the ID and 2D cases is absent. 
However, as it has been recently shown in refs. [|9|J20) 
in both ID and 2D cases BEC becomes possible under 
applying a confining potential. Moreover, the conditions 



for the BEC achievement are appreciably less stringent 
than in the 3D case. 

The non-dissipative dark magneto-optical lattice con- 
sidered in the previous section are promising tools for 
studies of BEC in systems with lower dimensions. Let us 
consider the concrete examples. 



A. ID lattice — 2D condensation 

The simplest realization of ID dark magneto-optical 
lattice is the lin _L lin light field configuration plus a 
magnetic field directed along the wave prorogation direc- 
tion (see in fig. 2). Here the dark magneto-optical poten- 
tial has the form iTUl: 



V 



-'hncos{2kz) 



(12) 



Atoms are localized in the planes Zn — An/2, where the 
field has the a- polarization and the dark state coincides 
with the Zeeman substate \Fg = 1,^ = —1). The lower 
energy levels of the potential ( p^ ) correspond to the local- 
ization of atoms in the vicinity of the single well bottom, 
when tunneling between wells is negligible. Basing on a 
harmonic approximation, one can find the energy separa- 
tion between the lower levels Ae = \/8Mle^. Then under 
the temperatures 



atoms are in the vibrational ground state. In the other 
words, the translational motion of atoms along z is 
frozen. For instance, for the Dl-line of ^"^ Kb (A — 
787 nm) under the magnetic field amplitude B ^ AG 
freezing is achived at T < \Q~^K. Due to the absence 
of tunneling, each of localization planes can be consid- 
ered as an independent thermodynamic and mechanical 
system, where particles freely move along the x and y 
axes. 

If an additional confining (in the xy-plane) potential 
is applied (for example, far-off-resonance optical shift), 
then BEC can be reached in a single plane. As it was 
shown in ref. [EOl, for 2D harmonic potential with the 
frequency / the expression for the transition temperature 
is given by: 



N ^ 1.6 






(13) 



where A'' is the number of atoms in a single plane. For 
an atomic sample with the density n ~ 10^^ 
and with the size L ^ lO^^cm we have N ' 



- 10^ 

4 

cm. 



I L 

- 10^ 
Then 



for each plane at the periodicity about 10" 
for a confining potential with / ^ XQ^Hz the transition 
temperature Tc ^ lO^^AT is in few orders higher than the 
transition temperature in 3D magnetic traps |]l|-^ . 

In the case under consideration BEC can be observed, 
for instance, by the time-of-flight measurements of the 



atomic momentuni distribution after turning off of a con- 
fining potential. It should be noted that the phases of 
condensates in each planes are independent. So, if the 
lattice is considered as whole, we have the quasiconden- 
sation only. 



and densities 10^^ — 10^'^cm~^. Concluding we note that 
the above developed approach can be applied to any non- 
dissipative optical lattice with the sufficient large depth. 
The example is a far-off-resonance optical lattice 



B. 2D lattice — ID condensation 

The example of three-beam field configuration where 
the 2D dark magneto-optical potential is formed is shown 
in fig. 3. Here the three wave-vectors lie in the xy-j>\a,ne 
and make an angle 27r/3 one with another. The linear 
polarizations of beams make the same angle (/) ^ 0, tt/2 
with the z-axis. This angle can be varied in a wide do- 
main. The main reason for the inequality (j) 7^ 7''/2 is the 
fact that in the case of = tt/2 there exist lines, where 
the field amplitude is equal to zero due to the interfer- 
ence. In the vicinity of these lines the CPT conditions 
(Q) are violated. The case of = is not suitable due to 
the absence of magneto-optical potential (0) . 

Atoms are localized in the vicinity of straight lines, 
where the field has (T_ circular polarization. In the same 
manner as in the previous section, one can show that 
under sufficiently low temperatures ksT < y^Mlev the 
translational degrees of freedom along x and y are frozen 
out. Each of lovalization lines can be considered as an 
independent ID system. Under applying of a confining 
(along z) harmonic potential we have the condensation 
at the temperature pO[: 



,r ksTc . f2kBTc 
N — -^-^^ log 



nf 



nf 



where N is the number of atoms in a line, / is the oscil- 
lation frequency. 

For an atomic sample with the density n ~ lO^^cm^^ 
and the size L ~ lO^^cm we have N ~ 250 for each line at 
the periodicity about 10~^cm. Then under / ~ lO'^Hz 
we find Tc ^ 10~^K, that is typical for laser cooling 
experiments. 

Note that like the case of ID lattice, here the quasi- 
condensation is possible only, if the whole gas volume is 
considered. 



IV. CONCLUSION 

We have considered dark magneto-optical lattices in 
the regime, when the Rabi frequency of laser field is 
much greater than the Zeeman splitting of the ground 
state. In such a regime the lattice is essentially non- 
dissipative. We have shown that 2D and ID atomic 
structures can be formed in these lattices. Then we 
have studied the Bose-Einstein condensation in the lower- 
dimensional systems in the framework of the ideal gas 
model. It was predicted that BEC is possible in both 
2D and ID cases under the temperatures 10^^ — 10^^ K 
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FIG. 1. Sheme of lower-energy vibrational strusture in a 
dark magneto-optical lattice. 



FIG. 2. The lin _L lin light field configuration, when 
one- dimensional dark magneto-optical potential is fromed. 
Atoms freely move in the planes (parallel to the xy-plane), 
where the field has the a- polarization. 



FIG. 3. The three-beam light field configuration, when 
two-dimensional dark magneto-optical potential is fromed. 
Atoms freely move in the lines (parallel to the z-stxis), where 
the field has the a- polarization. 
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